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SUMMARY

1. In the present study, we investigated the influence of the
pulvinar nucleus upon response propertiesof single cellsin the
second visual area (V2) of Cebus monkeys. The method used
consisted of theinactivation of a portion of thelateral pulvinar
by GABA injections while studying the response properties of
cells in V2 at the same visuotopic location as that of the
inactivation.

2. After GABA injection in the pulvinar, most cells in V2
(67%) showed changes in spontaneous and/or stimulus-driven
activities. Contrary to the effect found with inactivation of the
striate cortex, which promotes a reduction in the response of
V2 neurons, we found that the main effect of pulvinar inactiv-
ation wasan increment in stimulus-driven responses of V2 cells
(39% of unitsstudied). A reduction of responses was observed
in 27% of units.

3. A change in orientation and/or direction selectivity was
found in 91% of cells after inactivation of the pulvinar. M ost
commonly, the orientation selectivity of a neuron was
decreased during pulvinar inactivation.

4. The inactivation results indicate that the pulvinar pro-
jections have a modulatory effect on the activity of V2 cells.

Key words: orientation selectivity, posterior thalamus,
prestriate cortex, primate, visual system.

INTRODUCTION

The pulvinar nucleus is a diencephalic structure located in the
posterior region of the thalamus whose evolutionary development
occurred in parallel with the expansion and differentiation of the
temporo—parieto—occipital cortex.! The involvement of the
pulvinar nucleus with visua function has been demonstrated by
the presence of aretinotopic organization®* and by its connections
with different cortical visual areas.>° In cats, neurons in cortical
areas 17 and 18 are affected during lateral posterior—pulvinar
complex inactivation, showing modulation of the strength of the
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oscillations evoked by visua stimuli.** However, the function of
the massive pulvino—cortical projections in primates remains
unknown. Although the pulvinar has been implicated in conveying
visual information to the extrastriate cortex in monkeys with striate
cortex (V1) lesions, 2 there are few dataon its participation in the
normal physiology of visual perception.

Several studies have suggested the involvement of the pulvinar
in mechanisms of visual attention. In monkeys, the deactivation of
aportion of the pulvinar with muscimol injections caused delay on
attentional tasks.** Deficits in visual attention were also found in
patients with thalamic lesions involving the pulvinar nucleus.
These patients showed a specific deficit in the ability to use
attention to improve the efficiency of processing visua targets
contralateral to the lesion.® In addition, a study with positron
emission tomography showed a greater activity of the pulvinar
while the subject performed an object-identification task, which
required attentional selection.6

In primates, the second visual area (V2) isthelargest extrastriate
area and receives massive projections from the pulvinar,”%7
mainly from its lateral portion.® Nonetheless, inactivation of V1
renders V2 neurons completely silent,’8%° raising the question of
the role of the pulvinar projections in shaping the response of V2
cells. In the present study, we have used a technique of temporary
inactivation with injections of GABA to examine the role of the
pulvinar nucleus upon the activity of single cellsin visual areaVv 2.
We have demonstrated an overall change in the response to visual
stimuli, as well as in the orientation/direction selectivity of cells
recorded in area V2 during pulvinar inactivation. A preliminary
account of these data has been presented el sewhere.?0

METHODS

Two adult Cebus apella monkeys were used in chronic preparations in
once-weekly recording session for atotal of 20 sessions. All experimental
protocols were conducted following Nationa Institutes of Health (NIH)
guidelines for animal research and were approved by the Committee for
Animal Care and Use of the Instituto de Biofisica Carlos Chagas Filho,
UFRJ. Prior to thefirst recording session, a bolt for holding the head of the
animal in a stereotaxic apparatus and a recording chamber were implanted
in the skull under anaesthesia and aseptic conditions. The maintenance and
monitoring of the animal during recording sessions have been described in
detail previously.? Briefly, on each recording day, anaesthesia was induced
with ketamine hydrochloride (30 mg/kg, i.m.) and maintained with a
mixture of 70% nitrous oxide and 30% oxygen, combined with a con-
tinuousintravenousinfusion of fentanyl citrate (0.03 mg/kg per h). Animals
were also immobilized with pancuronium bromide (0.1 mg/kg per h). Body
temperature, EKG and end-tidal CO, were monitored continuously.
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(a)

Fig.1 Injection site in pulvinar and
receptive fields of cells in pulvinar
and V2. (a) Schematic drawing of a
coronal section of the brain of a
Cebus monkey, at the level A illus-
trated in the inset, showing the
assembly of electrode and injection
cannulas and the approximate extent
of the inactivated region in the
pulvinar in case 1. (b) Coronal section
of the pulvinar (left) at the level A in
the inset showing the location of
recording (black squares) and injec-
tions sites (hatched ovals) in the
pulvinar and a section at level B
(right) showing the location of
recording sitesin V2 (black squares).
Lower, receptive fields of cells
recorded at the injection site in the
pulvinar and at the corresponding
topographical locationsin area V2 in
case 1. (c) Sameas (b) for case 2. Cd,
caldate nucleus; Ci, cingulate sulcus;
HM, horizontal meridian; IP, intra-
parietal sulcus; La, lateral sulcus; PL,
lateral pulvinar; PM, media pulvinar;
OT, occipitotemporal sulcus; STS,
superior temporal  sulcus; VM,
vertical meridian.

Electrode

To locate the pulvinar nucleus, we made penetrations with single
tungsten microelectrodes, through a guide tube, using the stereotaxic
coordinates proposed by Gattass et al.* After localization of the latera
pulvinar, the guide tube was fixed to the skull to allow access to the same
region of the nucleus in the following recording sessions.

At each experimental session, prior to inactivation, we mapped the
receptive fields at corresponding topographical locationsin the pulvinar and
in area V2. Repested cycles of inactivation and recording are known to
result in a gradual deterioration of the quality of recordings.?? When such
activity was no longer detected, the experiment was discontinued and the
animal was killed for histological processing for the localization of
injection and recording sites.

GABA injections were made under electrophysiological control using a
tungsten microelectrode, 0.5 M) impedance, attached to an assembly of
three stainless-steel tubes (cannulas) 300 wm in diameter, glued at different
heights at 500 uwm intervals. The GABA injections (0.5 mol/L, 1-2 pL in
each cannula) were made using a pneumatic pump (Pneumatic Pico-Pump
model PV820; World Precision Instrument, Sarasota, FL, USA). Figure 1la
illustrates a coronal section of a cerebral hemisphere showing the assembly
of electrode and injection cannulas and the approximate extent of the
inactivated region of the pulvinar in case 1. The local effect of GABA
in the pulvinar was evaluated by means of electrophysiological recording at
the injection site.

Single unitsinV2, recorded at the same visuotopic location as that of the
pulvinar (Fig. 1b,c), were studied using the program CORTEX (NIH,
Bethesda, MD, USA). The visual stimuli, presented on a computer monitor
placed at adistance of 57 cminfront of the animal, consisted of athin white
bar (18°X 0.5°) that appeared in four random orientations and crossed the
screen in a direction perpendicular to its orientation, with a velocity of
6°/s, passing through the receptive field. Each trial consisted of 10
presentations of the bar in each of the eight directions of movement. The
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Fig. 2 Distribution of the blocked/control (B/C) index of V2 cells. (O),
cells (27.3%) with asignificant decrease of the response; (), cells (23.3%)
with no significant changein response; (M), cells (39.4%) with asignificant
increase of the response during pulvinar inactivation. (See text for details.)

>2.0

response of cellsto the visual stimulus was studied before and after GABA
injections.

Pharmacological inactivation paradigms are based on postinjection
effects that disappear over time. Usually the effects are reversible and they
are evaluated in comparison with the pre-injection state. The return to the
resting or pre-injection spontaneous and driven activity is assurance of a
non-toxic or non-destructive effect on the central nervous tissue. In our
experiment, we use a paradigm aiming at inactivation of alarge portion of
the lateral pulvinar, which has reciprocal connections with V2. The mech-
anical insertion of the cannulain asmall region of the pulvinar and the large
amount of GABA injected over many experimental sessions caused minor
damage detected after histological processing. Inasmuch as driven cellular
activity was detected prior to inactivation in al recording sessions, we
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assume that the functional effect of tissue damage was negligible at thetime
of recording. In addition, we studied the time-course of changesin V2 after
pulvinar inactivation to rule out destructive effects of the mechanical or
pharmacological approaches. When we started these experiments, we had
no previous knowledge of the long-lasting effect caused by such large
injections. Therefore, we based our results on the sample of cellsin which
aclear trend towards recovery of the driven activity was observed.
Extracellular single unit activity from area V2 was recorded using
tungsten microelectrodes (0.5MQ impedance). Cellular activity was
amplified, filtered, isolated by means of a waveform discriminator system
(SPS-8701; Signal Processing Systems, Aston, UK) and the spike time was
stored by the CORTEX program (L aboratory of Neuropsychology, NIMH/
NIH, Bethesda, MD, USA) for off-line analysis. Peristimulus time histo-
grams (PSTH) were computed for 10 presentations for each direction of
motion (bin width of 10 msec, smoothing by a Gaussian filter of 200 msec).
After a correction for latencies and the spread of the neuronal responses
throughout the stimulus length in the proper orientation, the PSTH for each
axis of movement was converted into a two-dimensional distribution of the
spike density in spatial coordinates (orientation response map). The average
orientation response maps for all tested orientations results in a qualitative
intersection map that shows the location of the receptive field.?® The

response of the cell (spike/s) in each PSTH at al times before and after the
injection was computed within the same time window that comprises the
peak firing rate of the qualitative intersection map. Spontaneous activity
was calculated as the average firing rate in the 700 msec preceding stimulus
motion in al trials.

Student’s t-test was used to test the significance of the response to
moving bars by comparing the response of the cell with the previous
spontaneous activity. For the calculation of al indices, the value of the
spontaneous activity was subtracted from that of the response. We used a
blocked/control (B/C) index to quantify the changes in relative responsive-
ness as a result of GABA injections. The B/C index was caculated as
Re/Rc, where Rc is the response in the preferred direction before GABA
injection and Rg is the response in the same direction after the injection. We
considered that a change in cell activity occurred when its B/C index was
less than 0.6 or greater than 1.4.2 One-way ANOVA was used to verify
whether the response depended on the orientation/direction of the stimuli.
Orientation selectivity was quantified by the orientation index (Ol)
calculated as Ol = 1 — Ro/Rmax, Where Rmax is the response in the preferred
orientation and Roq is the response in the orthogona orientation. The
quantification of direction selectivity was achieved by the directional
index (DI), which compares responses to opposite directions of motion:

Tablel Summary of the effects of GABA injection in the pulvinar nucleus over V2 cells

Change in modulation

Change in selectivity

Excitatory Inhibitory Change Change Change
Total modulation modulation No change ol DI Ol and DI No change
No. cells (%) 33 13 (39.4) 9(27.3) 11 (33.3) 7(21.2) 5(15.2) 18 (54.5) 3(9.1)
Ol, orientation index; DI, directional index.
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Fig. 3 Time-course of the cell response (a,b) and of spontaneous activity (c,d) for the inhibitory (a,c) and excitatory (b,d) modulation of cell groupsrelative
to the activity prior to injection. At each time, the dots represent the relative firing rate for each cell. The line represents the time-course of the median.
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DI = 1 — Rui/Rmax, Where Rmax and Rmin are responses in the preferred
direction and a diametrically opposed direction, respectively. We con-
sidered a changein Ol or DI greater than 0.20 as significant.?*

To control for the non-specific effects of injections of large volumes of
GABA, we injected equal amounts of GABA into atemporal area close to
the pulvinar. No effect on the properties of V2 cells was found after
injections of saline or GABA into this temporal cortical region close to the
pulvinar.

After the last recording session, animals were deeply anaesthetized with
sodium pentobarbitone (30 mg/kg) and perfused intracardially with normal
saline followed by 2% paraformaldehyde in phosphate-buffered saline
(PBS); 2% paraformaldehyde in PBS + 2.5% glycerol; PBS + 5% glycerol;
and PBS+ 10% glycerol. Serial 40 um coronal sections were obtained
using a cryostat. Adjacent series were stained for cell bodies with cresyl
violet and for fibres with Gallyas' stain to allow reconstructions of the
electrode tracks and to define the borders of V2 as well as those of the
pulvinar nucleus.

RESULTS

Inthe pulvinar nucleus, GABA injections (1 pL in each of the three
cannulas) resulted in a significant decrease of cellular activity and,
5 min after the injection, the activity was, on average, 40% that of
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theinitial level. Unexpectedly, recovery of activity at the injection
site was rather slow, taking more than 70 min to return to pre-
injection levels. This suggests that the mechanical stress produced
by pressure injections may have contributed to the local inactiv-
ation or that injections of large amounts of GABA may result in
longer-term effects.

We studied 33 cells in V2 before and after GABA injections in
the pulvinar. All cells had their receptive fields within 10° of the
representation of the central visua field (Fig. 1b,c). Most cells
studied in V2 (67%) during pulvinar inactivation showed changes
in the response to visual stimuli and/or in spontaneous activity.
Figure 2 shows changes in the response of cells quantified by the
B/C index. Of these cells, 39% showed an increase, whereas 27%
showed a decrease of the response. We classified the cells as: (i)
cells with excitatory modulation when they showed an immediate
increase of the cell response after inactivation; and (ii) cells with
inhibitory modulation when they showed an immediate decrease of
the cell response after GABA injection in the pulvinar. Although
the paradigm used to study direction/orientation selectivity
included only eight directions, we observed a change in the
direction and/or orientation selectivity in 91% of cells during

Pulvinar
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Fig.4 Overall decrease of the 0
visual responsiveness of a V2 cell

after GABA injection. Cell activity

was recorded before (0) and at dif-

ferent time intervals (21, 83 and

133 min) after injection of GABA.

The inset shows the receptive field of

the cell of V2 relative to the receptive

field recorded at injection site in the 21
pulvinar. Middle columns: peristi-
mulus time histograms (PSTH) of the
response to stimulus movement in the
preferred direction (180°) and in the
opposite direction. Right columns:
PSTH of the response to stimulus
movement in orthogonal directions.
Vertical ticks represent spikes in 10
trials. Left columns: polar diagrams
displaying the mean response rates
computed from the regions corres-
ponding to the receptive fields (dark
bars below PSTH) for different
directions of movement, at 45° steps.
Dotted-line circlesin the centre of the
polar diagrams correspond to the
mean spontaneous activity of the cell.
The radii of the externa circles
indicate the maximum value of the
cell's response (132 spikes/s)
obtained throughout recording. Note
the large reduction of the cell
response, which starts to recover
83 min after the injection.
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pulvinar inactivation. Most of these cells (55%) showed changes
in both DI and OI, whereas 15% showed changes only in DI and
21% showed changes only in Ol. Table 1 summarizes the changes
that occurred in V2 cells after GABA injections in the pulvinar
nucleus.

Cellswith inhibitory modulation

Of the 33 cells studied in V2, nine (27%) showed a decrease of the
cell response and/or spontaneous activity after injection of GABA
in the pulvinar. Seven of these cells showed a decrease in the
response to the moving bar after inactivation, with alate recovery.

Pulvinar

V2

O

JGM Soares et al.

In addition, in most cells the spontaneous activity increased as an
after inactivation rebound. Figure 3a,c shows the time-course of the
effects of the pulvinar inactivation over these V2 cells. An example
of this type of inhibitory modulation is illustrated in Fig. 4. This
cell presented a long-lasting strong reduction of its response after
inactivation with minor effects on spontaneous activity. The
recovery of the response occurred only 130 min after injection.
The remaining two cells showed a different behaviour, exhibiting
an inhibitory receptive field during the inactivation of the pulvinar.
These cells have properties of GABAergic interneurons. They
showed high spontaneous activity and poor orientation selectivity.
Figure 5 illustrates one of these cells, which changed the type of
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Fig. 5 Change of response type of a V2 cell during inactivation of the pulvinar. Prior to inactivation, this cell showed an excitatory receptive field with a
better response for movements along the 90-270° axis. After GABA injection, the spontaneous activity increased and the cell started to exhibit an inhibitory

receptive field. (See also legend for Fig. 4.)
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response after inactivation of the pulvinar. Prior to inactivation, this
cell showed an excitatory receptive field with a better response for
movements along the 90-270° axis. After inactivation, the cell
started to exhibit an inhibitory receptive field, concomitant with an
increase in spontaneous activity.

Cellswith excitatory modulation

After GABA injectionsin the pulvinar, we observed an increase in
the spontaneous activity and/or in the response to visual stimuli in
13 (39%) of cellsstudied in V2. The majority of cells showed alate
partial recovery of the response after GABA inactivation. As
observed in cells with inhibitory modulation, these cells aso
maintain a high spontaneous activity throughout the experiment
(Fig. 3b,d). As a result, in some of these cells the direction/
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orientation selectivity is slightly different from that obtained before
the injection.

Figure 6 illustrates a cell that showed an excitatory modulation
in both its response to the stimulus as well as spontaneous activity
during inactivation of the pulvinar. Before the injection, this cell
showed low spontaneous activity and a preferred direction of 180°
to a moving bar. After GABA injection, we observed an enhance-
ment of the cell response to the preferred direction, concomitant
with a decrease in directionality due to an increase of the response
to the opposite direction. After 119 min, there is areduction in the
direction/orientation selectivity. After 149 min, the cell response
beginsto return to initial values; the spontaneous activity, however,
remains increased.

Figure7 illustrates a cell that initidly (14 min) shows an
increase in its direction selectivity due to an increase in the

Pulvinar
|fl:|V2
| [ N | I
15.5 201 I I || Tl I " : ||II
| | I I [
0 Q III III
10+
|
\__PAI\
I
20 ||“||
| [
28 « I III:I ‘”I
101 I
I
| |
I [ |
i
® 20- | \I 11
N 1
0}
60 %_10 ||I b
o 101 |
1l
|
[
‘ 20-: I |I\"|H| I
| T (A |
119
Fig. 6 Increase of the response of a
V2 cell with a concomitant decrease I| I|I |I||n”||I | ‘n“n ”m‘I ‘||| I 1 I\III |:|| : ‘| . |I|| |
in the directional index (DI). In spite 207 : I: Iluw I|I | \IIIIII uI ”: ulI I |I lnllluwln |I
Oftheincreaseofthecell’sresponse e er | | [FUE [ I (R |
to the preferred direction (180°), the 149 (] [ e
direction  sdlectivity of the call 101 LR '
I A L) I
decreases due to the simultaneous . (LAWY VRVl 1
increase of the response in the oppo- Time rmr e
site direction. DI(0) = 0.72; DI(60) = (min) 0 — 30 — 30 =— 30 — 3
0.32. (See aso legend for Fig. 4.) Time (s)



586

response to the moving bar in its preferred direction (45°), as well
as to a decrease in the opposite direction. After 60 min, the
response begins to return to theinitial values and, after 90 min, the
cell response is similar to that recorded prior to injection.

The initial change in directionality observed in V2 cells after
GABA injections in the pulvinar, such as those illustrated in
Figs 6,7, is not observed in al cells. Some cells lose their orient-
ation/direction selectivity and show a concomitant increase in their
spontaneous activity. One of these cellsisillustrated in Fig. 8. This
cell had orientation/direction selectivity with a better response for
movements along the 45-225° axis. After inactivation, we observed
a decrease of the cell response concomitant with an increase of its
spontaneous activity, with aloss of the orientation tuning.

Changesin orientation and direction selectivity

In addition to excitatory and inhibitory modulations in the
response, most cellsin V2 also showed changes in the orientation
and/or direction selectivity after GABA injections. Infew cases, the
cells showed changes in selectivity in the absence of either excit-
atory or inhibitory overall modulation. Figure 9 is an example of a
cell that shows an increase in both the orientation and directional
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indices during pulvinar inactivation. This cell had a better response
to the direction of 315° and, after GABA injection, showed a
decrease of the response to this direction and an increase in the
response to the opposite direction.

Figure 10 shows acomparison of DI (Fig. 10a) and Ol (Fig. 10b)
of cellsinV2 before and after GABA injectionsin the pulvinar. The
inactivation of the pulvinar caused a significant change in DI
(>0.2) in 23 of 33 cells (70%) studied in V2. Of these cells, 36%
showed an increase in their directionality, whereas 33% showed a
decrease. After GABA injections, there is atendency for cellswith
asmaller DI (< 0.5) to increase their directionality, whereas those
with a greater DI tend to lose their directionality. A large percent-
age of cells (76%) showed a significant changein their Ol. Of these
cells, 27% presented an increase in Ol, whereas 49% showed a
decrease. Most cells with high orientation selectivity (Ol >0.5)
tend to reduce the Ol after inactivation due to an increase in its
orientation bandwidths.

DISCUSSION

After the inactivation of the pulvinar, most cells studied in V2
showed changes in both spontaneous activity and the response to
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visual stimuli. A change in orientation and/or direction selectivity
was found in 91% of these cells, suggesting that the pulvinar has a
modulatory effect over the activity of V2 cells.

In a typical inactivation experiment, one expects to see a
transient effect that disappears with time. Several authors have
reported short recovery periods after GABA inactivation of the
cortex.?426 | n these experiments, GABA inactivation was achieved
by iontophoresis or pulsed injections of very small quantities of
GABA and local or short interareal connections were investigated.
Others studies??>?728 have shown that the duration of inactivation is
directly proportiona to the volume injected and to the concen-
tration of GABA injected. In addition, these studies have aso
shown that repeated injections increase the duration of inactivation
and the strength of its effect.?22728 |n the present study, we made
multiple injections of 1-2 L of 0.5mol/L GABA, at three
different depths, 500 wm apart, to inactivate a large area of the
pulvinar. Thedecreasein cell activity at the site of inactivation after
GABA injection was immediate, with a late recovery. The activity
returned to its initial value only 70-150 min after injection. This
long-lasting action could be due either to the high concentrations
of GABA used or to the large volumes injected. The histological
processing made after five to eight inactivation sessions showed a
lesion in the region of GABA application, which may have been
caused by the large volume injected or by repeated injections at the
same site. Casanova et al. also observed lesions after more than
three injections at the same site in the cortex.?

The prolonged effect of GABA injections in the pulvinar on the
activity of V2 cells could also be explained by an effect of GABA
on the local metabolism of cellsin the pulvinar. In pulvinar cells,
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the administration of GABA in high concentrations could reduce
the synthesis of endogenous GABA due to an inactivation of the
glutamic acid decarboxilase enzyme (GAD). In cultured cells of
chicken embryo, the administration of GABA reduces the expres-
sion of GAD in a dose-dependent manner.?® The activity of the
GAD is reduced to 50% in the presence of 0.01 mmol/L GABA.
After the withdrawal of GABA, the activity of the enzyme takes
several hours to return to normal.?®

Moreover, changes in the pattern of spontaneous activity may
also berelated to changesin cortical rhythmsthat may characterize
a specia operational mode of cortical networks.® Thus, it would
be very likely indeed that pulvinar projections could change the
cortical dynamics, influencing signal processing at the target areas.

Most cells in V2 showed changes in their response to visua
stimuli at the beginning of inactivation of the pulvinar. In some
cells, there was also a general increase in activity, which usualy
peaked near 70 min after the injection. The change in directionality
of V2 cells, which occurs at the beginning of the inactivation
period, could be related to a direct effect of the pulvinar over V2.
However, the general increasein cell activity that occurs at approxi-
mately 70 min could be explained either by arebound effect at the
end of theinactivation period or by the existence of indirect circuits
that involve other areas of thevisual cortex that receive connections
from the pulvinar and project back to area V2, such as areas V4,
MT and the inferotemporal cortex.1-33

GABA can act over several structuresthat constitute the complex
synaptic glomeruli of the pulvinar. The action of GABA onto these
synapses could reduce the depolarization of post-synaptic cells
that project to the cortex. In the case of the excitatory pulvinar
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injection, thereis a clear reduction in
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an increase in spontaneous activity,
paralleled by a decrease of the
orientation index (Ol). OI(0) = 0.73;
Ol(17min) = 0.11. (See aso legend
for Fig. 4.)
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projections to V2, GABA injection could cause the cells of V2 to
lose this direct excitatory modulation. Alternatively, the pulvinar
projections could have an inhibitory effect by activating inhibitory
interneuronsin V2, similar to the cell illustrated in Fig. 5. The fact
that the majority of V2 cells show an increase in the response to
visual stimuli during inactivation of the pulvinar suggests that
inhibitory interactions are an important part of the effect of the
pulvinar on V2.

These data support the notion of the pulvinar as a transthalamic
corticocortical modulator® inasmuch as its inactivation does not
silence the target neurons. However, the inactivation of the pulvinar
modul ates receptive field properties, such as direction/orientation
selectivity of V2 neurons.
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The pulvinar provides the major subcortical input to V2.
Pulvinar terminal zones align with regions of increased cyto-
chrome oxidase (CO) staining, avoiding the pale stripes.®® All V2
stripes receive input from V1; however, the heaviest inputs are to
the pale CO stripes. This suggests that inputs from V1 and from the
pulvinar may target distinct populations of neurons in V2. In the
present study, we did not investigate the location of the cells
relative to the cytochrome oxidase modules in area VV2; however,
the different effects of pulvinar inactivation observed could reflect
the fact that these cells could be located in different modules of V2.
A study of the selectivity of cells in the different CO stripes after
inactivation of the pulvinar would be necessary to address this
question.
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Fig.9 Change in the preferred
direction of movement in a V2 cell
after GABA injection. Note the
decrease in the cell’s response to the
preferred direction of movement
(3158) and the increase in the
response to the opposite direction
with an increase in the directional
index (DI). DI(0)=0.17; DI(21) =
0.61. (See also legend for Fig. 4.)
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Fig. 10 Changes in direction and
orientation selectivity of al cells
studied in V2. (a) Correlation
between the directional indices (DI)
before (control DI) and after GABA
injections (GABA DlI). (b) Correl-
ation between the orientation indices
(Ol) before (control Ol) and after
GABA injections (GABA OQl).
Broken lines with a slope of 1 repre-
sent the limits of significance of
changesinindices (> 0.2). Changesin
DI were observed in 66% of cells,
whereas 72% showed changes in Ol.
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Effects of pulvinar inactivation on V2 cells

The mechanisms responsible for orientation and/or directional
selectivity in cortical cells are not yet well explained. Hubel and
Wiesel proposed that the orientation selectivity was established by
the organization of excitatory projections of the lateral geniculate
nucleus.3” Later studies showed the importance of cortical inhib-
itory and excitatory processes in the generation of this selec-
tivity.25263839 Sato et al. showed that administration of bicuculin
in primary visual cortex of Macaca decreased the direction
selectivity in most cells.*’ However, in most cases, an increased
response remained in the original preferred direction. This suggests
that the excitatory projections are the basis for the direction
selectivity and that cortical inhibition seems to play a role in the
determination of the strength of this directionality. However, our
results show that, at least in areaVV2 of Cebus monkeys, in addition
to the intracortical inhibitory mechanisms, projections originated
from the pulvinar nucleus also play a modulatory role on the cell
selectivity.
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